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GPHR-Dependent Functions of the Golgi Apparatus
Are Essential for the Formation of Lamellar Granules
and the Skin Barrier
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Masahito Ikawa5, Mitsutoshi Setou6, Taroh Kinoshita7, Peter M. Elias2,3, Shigetoshi Sano1 and Yusuke Maeda8
The lumen of the Golgi apparatus is regulated to be weakly acidic, which is critical for its functions. The Golgi
pH regulator (GPHR) is an anion channel essential for normal acidification of the Golgi apparatus, and is
therefore required for its functions. The Golgi apparatus has been thought to be the origin of lamellar granules
in the skin. To study the functional role(s) of GPHR in the skin, we established keratinocyte-specific GPHR-
knockout mice using the Cre-loxP system. These mutant mice exhibited hypopigmented skin, hair loss, and
scaliness. Histological examination of GPHR-knockout mice showed ballooning of the basal cells and follicular
dysplasia. In addition, inflammatory cells were seen in the dermis. The expression of trans-Golgi network 46, a
marker for lamellar bodies, and kallikrein 7, a protein within lamellar bodies, is diminished in GPHR-knockout
mouse skin. Examination by electron microscopy revealed that keratinocytes produced aberrant lamellar
bodies. The transepidermal water loss of these knockout mice was increased compared with wild-type mice.
Moreover, expression of cathelicidin-related antimicrobial peptide (CRAMP) in the skin was diminished. These
results suggest that GPHR is essential for the homeostasis of the epidermis including the formation of lamellar
bodies and for the barrier function.
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INTRODUCTION
Organelles located in secretory and endocytotic pathways are
known to acidify their lumens, and therefore they are called
acidic organelles. Compromising the acidic environments
of those organelles using compounds such as monensin,
bafilomycin, and ammonium chloride, which do not
specifically affect the Golgi apparatus, causes marked effects
on trafficking, processing, and glycosylation of proteins and
lipids (Weisz, 2003), although the mechanisms by which
those processes are regulated by the acidic pH are largely
unknown. Recently, we identified a new anion channel
named Golgi pH regulator (GPHR) (Maeda et al., 2008).
GPHR functions as a counterion channel and is critical
for Golgi acidification. The loss of GPHR function results
in increased luminal pH, which in turn causes impaired
transport, disrupted glycosylation, and abnormal Golgi
morphology; thus, GPHR is indispensable for normal Golgi
functions (Maeda et al., 2008). As GPHR is localized in the
Golgi, increased pH and impaired functions are observed in
the Golgi selectively among acidic organelles (Maeda et al.,
2008). Lamellar granules include lipids, proteases, protease
inhibitors, and proteins (Elias et al., 1998; Madison, 2003;
Ishida-Yamamoto et al., 2004; Elias and Choi, 2005) that are
needed to generate the skin barrier (Odland and Holbrook,
1981), and functional defects in these factors lead to impaired
barrier formation. The origin of lamellar granules has been
thought to be the trans-Golgi network (TGN; Elias et al.,
1998), but direct evidence for that has not been reported. If
the origin of lamellar granules is the Golgi apparatus,
impairing Golgi functions should result in the degeneration
of lamellar granules. Here we show that skin-specific
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knockout of GPHR function markedly impairs the formation
of lamellar granules, supporting the fact that they originate
from the Golgi apparatus. The results further show that GPHR
has a critical role in the skin barrier function, as well as in the
development of other tissues.
RESULTS
Generation of skin-specific GPHR-knockout mice using the
Cre-loxP system
We used the Cre-loxP system to disrupt the GPHR gene
specifically in the skin. To generate the GPHR-targeting
construct, one loxP site was inserted into intron 3 and the
other loxP site was inserted into intron 5 of the GPHR gene
(Figure 1a). A neomycin resistance gene was placed down-
stream of the first loxP site and was sandwiched with FLP
sequences to delete the Neo gene after embryonic stem cell
selection. Using this construct, we created GPHR flox mice.
K5-Cre:GPHRw/f (contains loxP in one GPHR allele and K5-
Cre transgene) mice and GPHRf/f (both GPHR alleles contain
loxP) mice were mated to analyze the function of GPHR in
the skin. First, we isolated keratinocytes from newborn mice
to confirm whether the GPHR protein was deleted in the K5-
cre:GPHRf/f keratinocytes. As expected, the expression of the
GPHR protein was completely deficient in K5-Cre:GPHRf/f
keratinocytes (Figure 1b). K5-Cre:GPHRf/f mice showed growth
retardation and impaired development of their earlobes and
external genitals in addition to the skin, and about half of
them died within 1 month, most likely because of hydrolysis,
but the precise reason is not yet known (Supplementary
Figure S1a, S1b online). We characterized the stomach and
esophagus of K5-Cre:GPHRf/f mice, but there was no abnormality
that could have led to the mice not being able to eat
(Supplementary Figure S1c, S1d, S1e, S1f online).
Analyses of skin-specific GPHR-knockout mice
The appearance of K5-Cre:GPHRf/f mice is shown in Figure 2.
There was no significant difference between K5-Cre:GPHRf/f
and wild-type neonatal mice immediately after birth (Supple-
mentary Figure S2a online). However, hypopigmention and
scaliness became apparent at about 4 days and 1 week
after birth, respectively (Figure 2a). Skin inflammation with
a scaly appearance gradually developed and was asso-
ciated with hair loss (Figure 2b). A histological examina-
tion of the newborn K5-Cre:GPHRf/f mice showed ballooning
of the basal cells and follicular dysplasia (Figure 3a and b).
These histological findings were almost the same until 1 week
after birth (Figure 3c–f). In addition, inflammatory cells
containing melanin and an enlargement of the sebaceous
glands were seen in the dermis at 1 month after birth
(Figure 3e and f).
A panel of antibodies recognizing proteins expressed at
defined stages of epidermal differentiation was used to
examine whether the GPHR deficiency affects keratinocyte
maturation. We used those antibodies to detect keratin (K) 14,
K10, K6, involucrin, loricrin, and filaggrin (Figure 4a and b,
Supplementary S2b–S2m online). K6 expression, a marker
of abnormal differentiation, was observed (Supplementary
Figure S2j, S2k online) but filaggrin expression was reduced
in GPHR-deficient skin (Figure 4a and b). The level of
filaggrin mRNA was also reduced in GPHR-deficient skin
(Supplementary Figure S2n online). There was no significant
difference in staining with other antibodies recognizing skin
differentiation markers between the wild-type and K5-
Cre:GPHRf/f newborn mice (Supplementary Figure S2b–i online).
Ki-67 expression patterns were also similar (Supplementary
Spe l
Spe l
Xho l
Xho l
tK
Probe A
4
KO vector
5
a
b
6
4
Neo
pNT1.1
loxP
Probe
Neo
Neo
Hind III
Hind III
1 2
1 2
37 kDa
4 5
Primers:
mGPR-lox-F&R
6
FRT
1 kbp
5 6
7
7
7
Figure 1. Keratinocyte-specific disruption of GPHR gene using the Cre-loxP
system. (a) Targeted insertion of loxP sites into the GPHR gene. Part of the
wild-type GPHR locus showing the positions of exons 4–7, the targeting
construct, and the GPHR allele containing the introduced loxP sites. (b) Golgi
pH regulator (GPHR) protein levels were assessed by immunoprecipitation,
followed by western blot analysis of GPHR from K5-Cre:GPHRf/f (lane 1) and
from wild-type (lane 2) mice keratinocytes. Arrow indicates the GPHR protein
band. KO vector, knockout vector.
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Figure 2. Macroscopic analyses of K5-Cre:GPHRf/f mice. Appearance of
hypopigmention and scaliness in K5-Cre:GPHRf/f mice. (a) Five days after
birth; (b) 1 month after birth.
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Figure S2l, S2m online). The expression of ceramide, whose
precursors are included in lamellar bodies, was totally
diminished in GPHR-deficient skin (Figure 4c and d,
Supplementary S3a online). TGN46, a marker of the TGN
and lamellar bodies, was reduced in GPHR-deficient skin.
Kallikrein 7 (KLK7), a protein within lamellar bodies, was also
diminished in the mutant mouse skin (Figure 4i–n). These
phenomena indicated that the formation of lamellar bodies
might be impaired by the GPHR deficiency. Sphingomyeli-
nase, one of the markers for lamellar body formation, was
also diminished, but the localization of this enzyme was
almost the same as that in wild-type mice (Supplementary
Figure S3b, S3c online). Examination by electron microscopy
of newborn K5-Cre:GPHRf/f mice revealed enormous
keratohyalin granules (Figure 4e and f), the appearance of
intracellular vacuoles and intracytoplasmic droplets in the
basal layer (Figure 4g and h), and aberrant lamellar granules
in keratinocytes (Figure 5). The formation of lamellar
structures between stratum corneum layers was abnormal
(Figure 5b). The distribution of lamellar granules was not
the same in the cells (data not shown). Lamellar granules
could secrete lamellar materials, but abnormal secretion
was observed (Figure 5c). The formation of the contents of
lamellar granules was decreased and abnormal (Figure 5d).
The number of stratum corneum layers was increased in
K5-Cre:GPHRf/f newborn mice (Supplementary Figure S3d
online). This phenomenon was not significant at 5 days after
birth (Supplementary Figure S3e online).
As lamellar bodies are essential for normal skin barrier
formation, we examined transepidermal water loss (TEWL).
TEWL levels were not significantly different in newborn wild-
type and K5-Cre:GPHRf/f mice (Supplementary Figure S3f
online), but TEWL of K5-Cre:GPHRf/f mice was increased
4-fold higher than that in wild-type mice at 5 days after
birth (Figure 6a). Finally, we investigated the mRNA and
protein levels of cathelicidin-related antimicrobial peptide
(CRAMP), and the mouse homolog of LL-37, which has been
recently related to atopic dermatitis using real-time PCR and
immunostaining. The CRAMP mRNA level was reduced in
the mutant mouse skin (Figure 6b). CRAMP could not be
detected by immunostaining in either type of epidermis (data
not shown).
DISCUSSION
In our previous study (Maeda et al., 2008), we demonstrated
that GPHR-mutant Chinese hamster ovary cells have im-
paired functions but morphological integrity of the Golgi
and TGN. Most importantly, the functions of lysosomes and
endosomes in those cells were not affected by the defect of
GPHR. In the present study, electron microscopy revealed
abnormal lamellar granules in the skin of mice defective for
GPHR expression in keratinocytes. The qualitative abnorm-
ality was shown by immunostaining and imaging mass
spectrometry for ceramide, TGN46, and KLK7, suggesting
that the functions of lamellar granules are defective in
K5-Cre:GPHRf/f mouse skin. This was also supported by the
increased skin TEWL. Lamellar granules include lipids,
proteases, protease inhibitors, and proteins (Elias et al.,
1998; Madison, 2003; Ishida-Yamamoto et al., 2004; Elias
and Choi, 2005) needed to generate the skin barrier (Odland
and Holbrook, 1981), and functional defects in those com-
ponents lead to impaired barrier formation. Taken together
with the Golgi (and TGN) specificity of GPHR function
among acidic organelles, these results strongly support the
concept that lamellar granules are derived from the Golgi
apparatus. Surprisingly, broken lamellar granules in these
GPHR-knockout mice were accompanied by only slight
changes of the layer structure, although mice having lamellar
granule-related abnormalities show severe cutaneous dis-
orders (Milner et al., 1992; Lefevre et al., 2003; Tartaglia-
Polcini et al., 2006; Akiyama and Shimizu, 2008). The reason
why the GPHR-knockout mice show milder changes in the
skin than the previously reported mice is not known at
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Figure 3. Histology of K5-Cre:GPHRf/f mice skin. (a, c, and e) Wild-type
mice; (b, d, and f) ballooning of the basal cells and follicular dysplasia in K5-
Cre:GPHRf/f mice. (a, b) Skin from newborn mice; (c, d) skin from mice 7 days
after birth, and (e, f) skin from mice 1 month after birth. Images in the bottom
row (labeled with asterisks * and **) are higher magnifications of the areas
indicated in images b and f, respectively. Arrows indicate inflammatory cells
with melanin deposition. Bars¼100 mm in a, b, c, d, e, and f; and 20 mm in
* and **.
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present, but it may be due to the partial defects of Golgi and
lamellar granule functions. Certainly, disrupting the ability of
keratinocytes to acidify their Golgi apparatus could have
indirect effects on lamellar body formation that are not
directly related to the Golgi apparatus. The GPHR defect
causes significant increases in luminal Golgi and TGN pH,
which cause impairment of transport, glycosylation, and
morphology, but how strong these phenotypes are in the skin
and how significantly these abnormal phenotypes affect the
functions of lamellar granules are not known. Although the
morphology of lamellar granules is severely compromised in
the GPHR-knockout skin, it is possible that they still retain
partial function and that the contents of lamellar granules,
such as ceramides, are secreted into the horny layers to some
extent. On the other hand, other mice exhibiting more severe
cutaneous disorders may lack those contents in the skin to a
greater extent. Further studies, such as the quantitative
analysis of secreted contents in the skin, will be necessary
to address these issues.
On the other hand, levels of filaggrin (Gan et al., 1991),
which is a late differentiation marker thought to be related to
skin barrier formation, were diminished in GPHR-knockout
mouse skin, which is consistent with the increase of TEWL.
In our electron microscopy findings, keratohyalin granules
were increased in GPHR-knockout mouse skin. Keratohyalin
granules include profilaggrin, a precursor of filaggrin, and
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Figure 4. Microscopic analysis of epidermal differentiation in K5-Cre:GPHRf/f mice. (a–d) Immunostaining using anti-filaggrin (a, b) and anti-ceramide
antibodies (c, d). (a, c) Wild-type; (b, d) K5-Cre:GPHRf/f mice. Mice 5 days after birth were used. Bar¼ 100mm. (e–h) Electron microscopic appearance of
wild-type (e, g) and K5-Cre:GPHRf/f mice (f, h). (e, f) The granular to horny layer of the epidermis. (g, h) The basal layer of the epidermis. Arrows indicate
intracytoplasmic droplets (h), and keratohyalin granules (e, f), respectively. Bar¼ 0.5 mm (h). (i–n) Immunostaining using anti-TGN46 (i, l) and anti-KLK7 (j, m)
antibodies of the dorsal skin 5 days after birth. Panels k and n are merged images of i and j, l and m, respectively. (i, j, and k) Wild-type; (l, m, and n)
K5-Cre:GPHRf/f mice. White dotted lines indicate the basal layer of the skin. Bar¼20 mm.
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also contain keratin-associated proteins such as repetin and
caspase 14 (Steven et al., 1990; Alibardi et al., 2004; Huber
et al., 2005). Thus, keratin-associated proteins except for
filaggrin may be increased in keratohyalin granules of GPHR-
knockout mice. GPHR-knockout mice gradually develop skin
inflammation after birth. Previous reports indicated that skin
inflammation, especially in patients with atopic dermatitis, is
induced by reductions in skin barrier function (Palmer et al.,
2006; Brown and McLean, 2009). The cathelicidin-derived
antimicrobial peptide LL-37 is co-packaged along with lipids
within lamellar bodies before they are secreted. It is
considered that the production of LL-37 (Braff et al., 2005)
and barrier lipids could be co-regulated by altered perme-
ability barrier requirements (Aberg et al., 2008). Moreover,
LL-37 is reduced in skin lesions in patients with atopic
dermatitis (Guttman-Yassky et al., 2008). In GPHR-knockout
mice, the expression of CRAMP, the mouse homolog of
LL-37, was also reduced. From these results, the skin-specific
GPHR-knockout mice may be useful as a model for
atopic dermatitis. Skin growth and differentiation markers
other than K6 were almost normal in K5-Cre:GPHRf/f
mouse skin, which suggests that the differentiation of
keratinocytes is not significantly impaired in the GPHR-
knockout mice.
Skin-specific GPHR-knockout mice show a depigmented
appearance. Many melanin granules exist in hair follicles of
newborn mice when analyzed by Masson–Fontana staining
(Supplementary Figure S4a, S4b online). The formation of
hair follicles was impaired in these mutant mice (Figure 3).
We hypothesize that follicular stem cells, which are known to
express K5, balloon and cannot proliferate or function
normally, similar to the basal cells in GPHR-knockout mice
(Figure 3). This may also be the reason why those mutant
mice show a depigmented appearance. Alternatively, mela-
nocytes may deliver less melanin to abnormal basal
keratinocytes (Park et al., 2009), which may result in the
transfer of melanin down into the dermis, although it is not
likely that melanocytes are themselves impaired as their
GPHR alleles should be intact because of the lack of K5
expression (Supplementary Figure S4a, S4b online).
Skin-specific GPHR-knockout mice have vacuolated
keratinocytes in the basal layer. These vacuoles were not
stained with Oil Red O, which is indicative of lipid droplets
(Supplementary Figure S4c, S4d online). As compounds that
inhibit acidification are known to vacuolate acidic organelles
in cultured cells, the vacuolation of keratinocytes may be due
to ballooning of the Golgi.
Overall, these results suggest that GPHR-dependent Golgi
functions are essential for the formation of lamellar granules
and for the skin barrier function, which strongly indicates that
lamellar granules are derived from the Golgi.
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Figure 5. Electron microscopic analysis of lamellar bilayer and lamellar
granules in K5-Cre:GPHRf/f mice. (a, b) Abnormal lamellar structures
between stratum corneum layers in K5-Cre:GPHRf/f mice. (c) Extracellular
spaces of the stratum granulosum–stratum corneum interface. (d, e) Lamellar
bodies. (a, e) Wild-type mice; (b, c, and d) K5-Cre:GPHRf/f mice. Bar¼ 0.1 mm
in a, b, d, and e, and 0.5 mm in c. Black arrows indicate normal structures, and
white arrows indicate abnormal structures. SC, stratum corneum; SG, stratum
granulosum.
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Figure 6. Transepidermal water loss (TEWL) assay and CRAMP expression
in K5-Cre:GPHRf/f mice. (a) TEWL in dorsal skin of wild-type and
K5-Cre:GPHRf/f mice at 5 days after birth. Significance of differences was
assessed using the unpaired Student’s t-test. (b) CRAMP expression in the
dorsal skin of wild-type and K5-Cre:GPHRf/f mice at 5 days after birth. Levels
were compared with hypoxanthine phosphorybosyl transferase (HPRT)
expression. Significance of differences was assessed using the unpaired
Student’s t-test.
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MATERIALS AND METHODS
Please see details of following methods in Supplementary Data
online: immunostaining of K6, K10, K14, loricrin, involucrin, and
Ki67; Masson–Fontana staining; Oil Red O staining; TEWL
(New born); imaging mass spectrometry; spingomyelinase assay.
Plasmids
Plasmids used to construct the targeting vector are shown in
Figure 1.
Animals
All animal experiments were carried out according to the Guidelines
for the Care and Use of Laboratory Animals at the Osaka University.
All experimental procedures performed on mice were approved by
the Institutional Animal Care and Use Committee of the Kochi
Medical School. To generate the targeting construct, we used the
cre-loxP system (Tarutani et al., 1997); the targeting construct is
shown in Figure 1. The linearized vector was transfected into
embryonic stem cells, and then selected by PCR to detect
homologous recombinant clones. PCR was performed with 35
reaction cycles consisting of the following steps: denaturation for 10
seconds at 94 1C, annealing for 20 seconds at 56 1C, and elongation
for 30 seconds at 72 1C, using two primers, SF-1: 50-GCGCACACA
CACATATATTAAGACA-30, and FRT-R1: 50-AGTTCTTGGAGCC
TATGCTGAATAC-30. Chimeric mice were generated from GPHR
flox embryonic stem cells, and germ-line-transmitted mice were
then obtained (GPHRflox/flox). To remove the neo-resistant gene,
all GPHR flox/flox mice were mated with FLPe mice. GPHRþ /flox
K5-Creþ (Tarutani et al., 1997) male mice and GPHR flox/flox female
mice were mated to analyze the function of GPHR in the skin.
Screening was performed by PCR using SF-1 and FRT-R1 primers.
Transepidermal water loss
TEWL was measured gravimetrically from mice at 5 days after birth
using a TEWAMETER TM300 (C & K, Cologne, Germany).
Cell culture and immunoprecipitation
Dorsal skins taken from euthanized newborn mice were incubated
while floating on phosphate-buffered saline (PBS) containing
250Uml1 dispase overnight at 4 1C. Epidermal sheets were then
separated from the dermis with forceps and were trypsinized to
isolate keratinocytes. Cells were seeded into 10-cm plates at an
initial seeding density of 1 104 cells per cm2 and were cultured in
Cnt-07 medium. When the cells reached 80% confluence, proteins
were extracted with lysis buffer (50mM HEPES (pH 7.5), 150mM
NaCl, 5mM EDTA, and 0.9% NP40) containing protease inhibitors,
and were then incubated with protein G sepharose and a rabbit
polyclonal antibody for GPHR (Maeda et al., 2008); they were
separated on 10% SDS-PAGE gels and then transferred to poly-
vinylidene difluoride membranes. Western blotting was performed
using an Amersham ECL plus Western Blotting System (Buckingham-
shire, UK) and an anti-mouse GPHR antibody according to the
manufacturer’s instructions.
RNA isolation and real-time PCR
Dorsal skins of mice 5 days after birth were minced with scissors into
small pieces on ice, followed by ultrasonic sonication. Total RNAs
were extracted using an RNA isolation kit (Promega, Madison, WI)
according to the manufacturer’s protocol, and were reverse-transcribed
using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) with
random oligonucleotide hexamers (Invitrogen). PCR reactions were
performed using the PowerSYBER GreenPCR Master Mix (Applied
Biosystems, Foster City, CA); the amplification conditions were as
follows: 50 1C for 2 minutes, 90 1C for 10 minutes for 1 cycle,
followed by 40 cycles of 95 1C for 15 seconds and 60 1C for 1
minute. Primers used in this study are listed below. The quantity of
each transcript was analyzed using the 7300 Fast System Software
(Applied Biosystems) and was normalized to hypoxanthine phos-
phorybosyl transferase (HPRT) according to the DDCt method. The
following primers were used: for CRAMP, 50-GCCGCTGATTCTTTT-
GACAT-30 and 50-AATCTTCTCCCCACCTTTGC-30; for HPRT,
50-GCTGGTGAAAAGGACCTCT-30 and 50-CACAGGACTAGAACA-
CCTGC-30; and for Profillagrin, 50-AGCACGGCTCCGGATACTA-30
and 50-AACTGCTGCTGCGTTGCT-30.
Histological examination
Dorsal skins excised from the mice were fixed in 10% formaldehyde
in PBS, and were then embedded in paraffin. These tissues were
sectioned at 4mm thickness, and deparaffinized sections were
subjected to hematoxylin and eosin staining.
Immunostaining
Pieces of the dorsal skin were removed and used for frozen sections.
After fixation with cold acetone, frozen sections (5 mm) were
incubated with primary antibodies overnight at room temperature,
washed in PBS, and incubated with FITC–conjugated secondary
antibodies. For TGN46, KLK7, and ceramide, slides were analyzed
by confocal scanning microscopy (Olympus, FV-1000D, Tokyo, Japan).
For immunostaining of fillaggrin, 5-mm paraffin sections were
permeabilized with xylene three times for 5 minutes each, and were
then deparaffinized. Antigen unmasking was performed using 10mM
sodium citrate buffer, pH 6.0, and then incubated in methanol with
3% H2O2 for 10 minutes to block endogenous peroxidase. Sections
were blocked with 10% horse serum for 30 minutes and were then
treated with the antibody to filaggrin overnight at 4 1C. Slides were
then washed three times with PBS and were incubated for 10 minutes
with a biotin universal secondary antibody. After three 5-minute
washes with PBS, sections were treated with streptavidin/peroxidase
complex for 5 minutes. After three 5-minute washes with PBS, followed
by rinsing again, filaggrin was visualized with diamobenzidine.
Primary antibodies to TGN46 (Abcam, ab16059, Cambridge, UK),
KLK7 (Santa Cruz, sc-20381, Santa Cruz, CA), ceramide (MID15B4,
Alexis Biochemicals, San Diego, CA), filaggrin (NBP1-21310, Novus
Biologicals, Littleton, CO), K14 (Covance, San Diego, CA), K 10
(Covance), K6 (Covance), loricrin (Covance), involucrin (Covance),
Ki67 (Thermo Fisher Scientific, Waltham, MA), and CAMP (LS-C94098,
Lifespan Biosciences, Seattle, WA) were used in this study.
Electron microscopy
Mouse skin was minced into 1-mm cubes, which were fixed imme-
diately in 5%. glutaraldehyde/0.2 M sodium acetate/lead nitrate, and
examined using a H-7100 electron microscope (Hitachi, Tokyo, Japan).
For observation of lamellar bodies (Figure 5), mouse skin was
fixed in modified Karnovsky’s fixative (2% paraformaldehyde,
2% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.3, and 0.06%
CaCl2).
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